Extracts made from human respiratory syncytial virus (RSV)-infected Hep-2 cells synthesized mRNAs encoded by all known viral genes. In contrast, RSV ribonucleoproteins purified from infected cells failed to transcribe in vitro; transcription was restored by addition of a cytoplasmic extract of uninfected demonstrating that a cellular factor(s) has a role in RSV gene expression. Quantitation of the individual gene mRNAs transcribed in vitro revealed polarity of transcription of the genome.
mRNAs transcribed in vitro revealed polarity of transcription of the genome.
Human respiratory syncytial virus (RSV) is the single most important viral agent responsible for respiratory tract diseases in young children, often resulting in serious complications, such as bronchiolitis and pneumonia, and even death. The virus is classified in the genus Pneumovirus (which also includes bovine RSV and mouse pneumonia virus) within the Paramyxoviridae family. Sequencing and cloning studies have resulted in the identification of conserved mRNA termini, intergenic sequences, and coding regions for each of the 10 genes of the virus (6, 7, 9, 10-13, 15, 16, 22-25, 27, 34) . Like other members of the Paramyxoviridae family (2) , RSV is a nonsegmented negative-strand RNA virus containing an RNA genome about 15,221 nucleotides (nt) long. The gene order is 3'(leader)-lC-1B-N-P-M-SH-G-F-22K-L-(trailer)5'; alternative names of some genes are NS1 (1C), NS2 (1B), 1A (SH), and M2 (22K). All 10 RSV proteins have been identified, and most of them are structural components of the virion; interestingly, the two most abundant ones (1C and 1B) appear to be nonstructural (17, 22, 31, 32, 36) . The nucleocapsid core of the virion consists of the viral genomic RNA and the N, P, and L proteins (22, 31, 36) . By analogy to other paramyxoviruses (2) , as well as the well-studied prototype rhabdovirus vesicular stomatitis virus (VSV; reviewed in references 1 and 2), it is generally believed that the RSV nucleocapsid is the transcription complex of the virus and that it encodes an RNA-dependent RNA polymerase activity; however, this has yet to be demonstrated. In addition, the various activities of the proteins that constitute the functional ribonucleoprotein (RNP) complex remain uncharacterized.
Thus, it became increasingly obvious that elucidation of the molecular mechanisms of RSV gene expression would require an in vitro transcription reaction reconstituted from purified macromolecules. In this communication, I report a cell-free transcription system for RSV derived from partially purified viral nucleocapsids. Synthesis of viral mRNAs in this system was found to be completely dependent on addition of cell extracts, suggesting an essential role of a host factor(s) in RSV transcription. (6) . While the 410-nt-long SH mRNA ran off the gel, mRNAs of other size classes were readily observed (23) . The L mRNA was produced in very small amounts and could be seen only upon overexposure of the autoradiogram. Since most of the labeled RNA bound to oligo(dT), it can be concluded that the transcripts are polyadenylated in vivo as well as in vitro. The single major RNA species that failed to bind to oligo(dT) and barely entered the gel was not characterized but appears to be a genome size replication product (23) .
To optimize the in vitro transcription system further, the cell harvesting time was standardized. Poly(A)+ viral RNAs were isolated from infected cells labeled with [3H]uridine at various times (8, 14 , and 20 h) p.i. Parallel infected, unlabeled cell cultures were lysed at the same time points, and the extracts of these cells were tested for RNA-synthetic activity in vitro. Results of this comparison (Fig. 3) show that intracellular viral transcription increased up to about 14 h p.i. and then decreased; similarly, the ability of the cell extract to synthesize viral RNA in vitro leveled off at about 14 h p.i. and also decreased afterwards. This time point was therefore chosen for preparation of infected-cell extracts or viral RNP for use in all subsequent in vitro experiments.
Transcription by viral RNP in vitro: requirement of a cellular factor(s). It was obvious that one of the first steps toward biochemical dissection of the in vitro system would involve establishment of a transcription reaction based on a purified viral RNP complex. Studies of a number of other negative-strand RNA viruses have identified the RNP as the minimal viral transcription complex (2 (26, 35 ). An autoradiograph of the dried gel is shown. The in vivo side was exposed to the film for longer periods to make the band intensities comparable to those of the in vitro side. M, 32P-labeled X-ClaI DNA fragments of the indicated lengths (kilobases) used as size markers. The various RSV mRNAs are shown on the right (10, 23) .
isolated by centrifugation of the infected-cell extract at 150,000 x g for 4 h through a layer of 40% glycerol in 50 mM Tris-acetate (pH 8.0) and 1 mM DTT, with a 100% glycerol cushion at the bottom of the tube. The RNP complexes, pelleted on the cushion, were collected by dissolution in small volumes of TE (20 mM Tris-acetate [pH 8.0], 1 mM EDTA) and used immediately for transcription. The final protein concentration of the RNP suspension was adjusted to 4 mg/ml. Uninfected-cell extract was processed similarly, (19) , was found to be tightly associated with the virion but was barely detectable in the labeled RNP (Fig. 4) . When employed in transcription reactions (Fig. 5) out with cellular proteins that had been previously heated at 65°C for 2 min. The reaction in lane h also contained cycloheximide (100 ,ug/ml). Transcription reactions were carried out for 2 h at 30°C; RNase H treatment of the product transcripts was performed by adding 50 ng of oligo(dT) and 2 U of RNase H directly to the transcription mixture 10 min before the end of transcription (3) . An autoradiograph of the gel is presented. The labeled standard markers (lane M) and the various mRNA species are as described in the legend to Fig. 2 . lated mRNAs as judged by their affinity to oligo(dT)-cellulose (data not shown).
A more detailed study of the requirements of RNPmediated transcription is presented in Table 1 . Transcription is clearly dependent on the various small molecules, such as ribonucleotides, monovalent and divalent cations, and DTT. Also, as shown in Fig. 5 (lane h) and Table 1 , cycloheximide had little effect on viral transcription. However, omission of cellular proteins, heat treatment of viral RNP, or the presence of trypsin completely abolished transcription, confirming the involvement of viral and cellular proteins in the transcription process. Taken together, the results presented in Fig. 5 and Table 1 Polarity of RSV transcription in vitro. Although the relative amounts of RSV mRNAs have never been quantitated directly, blot hybridization studies and the general pattern of intracellular mRNAs have suggested a gradation in their amounts, i.e., mRNAs of genes proximal to the 3' end of the genome are produced in greater molar amounts than those Tris-acetate (pH 8.0), 5 mM MgCI2, 120 mM K-acetate, 1 mM DIT, and 5% glycerol was heated at 65'C for 2 min and then chilled in ice before being added to an otherwise complete reaction mixture.
c Cycloheximide and trypsin, both at 100 Fg/ml, were present from the start of the reaction.
that are distal, indicating transcriptional polarity (9, 10). To determine whether polarity is also exhibited by the in vitro transcription system described here, labeled poly(A)+ viral transcripts synthesized in vitro by the viral RNP were quantitated by hybridization to an excess of an antisense oligonucleotide specific for each gene mRNA in a slot blot assay. A quantitative analysis of the slot blot is presented in Fig. 6 , in which the relative molar amounts of the various gene mRNAs clearly show polarity of RSV transcription, 1C mRNA being the most and L mRNA the least abundant (-3% of 1C mRNA). A control oligonucleotide probe complementary to the first 45 nt of the VSV P gene mRNA did not hybridize to RSV transcripts (data not shown).
In conclusion, I have described a detailed characterization of an in vitro transcription system for RSV that uses either infected-cell extract or viral RNP purified from infected cells, the latter requiring a heat-labile cellular cytosolic factor(s) for transcriptional activity. The in vitro system appears to be a faithful representation of viral transcription as judged by the following criteria. (i) All 10 viral mRNAs were produced (Fig. 6). (ii) The mRNAs were polyadenylated (Fig. 2) , as well as capped and methylated at their 5' ends (unpublished data), although capping of RSV mRNAs in vivo has yet to be shown. (iii) The molar gradation of various gene mRNAs indicates polarity of transcription (Fig.  6 ) and also suggests (but does not prove) the existence of a single transcriptional promoter at the 3' end of the genome and polymerase fall-off at intergenic junctions. Essentially similar conclusions were reached through measurement of the kinetics of RSV gene inactivation by UV light (15) . ( Earlier (1989), Herman reported a cell-free transcription system for RSV that employed a total extract of virusinfected cells for transcription in vitro (21) . The biochemical parameters of his transcription system were very similar to those of the infected-cell extract described here (Fig. 1) In my studies of RSV transcription in vitro, the exact time of harvest of the viral RNP appeared to be a critical determinant of the efficiency of transcription. Results presented in Fig. 3 demonstrate that the ability of the infectedcell extract to produce viral transcripts starts decreasing at about 14 h p.i.; extracts made at 30 h p.i. or later transcribed extremely poorly or not at all (data not shown). Viral RNP lost its transcription property even earlier; while RNP made at 14 to 16 h p.i. transcribed well (in the presence of cell extract), that made at 24 h p.i. was highly defective (data not shown). The mechanism of this loss of transcriptional competence remains unknown. However, one possibility is that the RNP at later periods tightly associates with nucleases or with a specific inhibitor of transcription.
The restoration of transcription of viral RNP by uninfected-cell extract as shown here (Fig. 5 ) strongly suggests involvement of a cellular factor in RSV transcription. However, the alternative possibility that the cell extract merely compensates for the activity of a viral protein lost during purification of the RNP cannot be ruled out. It is also not known whether more factors than one are responsible for the observed stimulation. Recently, in vitro transcription systems of various degrees of purity have been reported for a number of paramyxoviruses. In all cases in which it has been studied, highly purified virus or viral RNP has been found to be transcriptionally defective; transcription in these systems could be restored by addition of various cellular components (8, 14, 20, 29, 30, 33) . The cell extract-dependent transcription system described here should be helpful in identifying the exact nature of the cellular factor(s) required for RSV transcription. 
